Abstract: RNA interference (RNAi) has emerged as a powerful tool for studying target identification and holds promise for the development of therapeutic gene silencing. Recent advances in RNAi delivery and target selection provide remarkable opportunities for translational medical research. The induction of RNAi relies on small silencing RNAs, which affect specific messenger RNA (mRNA) degradation. Two types of small RNA molecules, small interfering RNAs (siRNAs) and microRNAs (miRNAs), have a central function in RNAi technology. The success of RNAi-based therapeutic delivery may be dependent upon uncovering a delivery route, sophisticated delivery carriers, and nucleic acid modifications. Lung cancer is still the leading cause of cancer death worldwide, for which novel therapeutic strategies are critically needed. Recently, we have reported a novel platform (PnkRNA™ and nkRNA ® ) to promote naked RNAi approaches through inhalation without delivery vehicles in lung cancer xenograft models. We suggest that a new class of RNAi therapeutic agent and local drug delivery system could also offer a promising RNAi-based strategy for clinical applications in cancer therapy. In this article, we show recent strategies for an RNAi delivery system and suggest the possible clinical usefulness of RNAi-based therapeutics for lung cancer treatment.
Introduction
RNA interference (RNAi) is one of the most exciting discoveries in molecular biology and represents a significant breakthrough in our understanding of the function and regulation of genes in cells [1] . Fire and Mello, who discovered it, were awarded the Nobel Prize for Medicine in 2006 [2] . The silencing technology to suppress the expression of various genes by using different molecules, such as small interfering RNA (siRNA), short hairpin RNA (shRNA), and microRNA (miRNA), is applicable to many kinds of therapeutics for human diseases caused by specific genes. They are all commonly cleaved by an endogenous enzyme called Dicer that gives rise to the important transcription factors involved in the gene expression regulation. RNAi is initiated by exposing cells to long, double-stranded (ds) RNAs via transfection or endogenous expression. The dsRNAs are processed into smaller fragments (usually 21-23 nucleotides in length) of siRNA [3] , which form a complex with the RNA-induced silencing complexes (RISCs) [4] . The sense strand is then cleaved by an endonuclease of the RISC, the Argonaute 2 (AGO2), whereas the antisense strand guides the RISC toward the perfectly complementary target mRNA, which is further cleaved by AGO2 into two messenger RNA (mRNA) fragments [5, 6] . Introduction of siRNA into cells leads to downregulation of target genes without triggering interferon responses [3] . The silencing technology to suppress the gene expression by using siRNAs is applicable to many kinds of research or therapeutics for human diseases caused by specific genes, which are difficult to regulate through traditional approaches. In the last 10 years, a remarkable effort has been made in therapeutic application of gene silencing in the human body. Indeed, phase I studies of siRNAs for the treatment of age-related macular degeneration and respiratory syncytial virus provided promising evidence without nonspecific toxicity [7, 8] . The critical hurdles impeding the development of siRNAs are effective delivery to target sites, therapeutic potency, and elimination of off-target effects [9] . Despite the reliable potential of siRNAs, there are still technical problems to clear before clinical use, including safety, stability, and successful delivery of siRNAs to the appropriate tissue and into the appropriate cells. Additionally, the therapeutic technology to avoid undesirable innate immune responses, instability of nucleic acid, and off-target effects notably reduces the efficacy of RNAi molecules [10, 11] . Therefore, the development of RNA modifications and sophisticated drug delivery systems (DDSs) for RNAi-based therapeutic strategies that are safer, more stable, and more effective is a main consideration. MiRNAs are short (usually 19-23 nucleotides in length), non-coding RNAs found in multiple organisms that regulate gene expression primarily by decreasing the levels of their target mRNAs through binding to specific target sites in the 3'-untranslated regions (3'-UTRs) of these mRNAs [12] . Most miRNAs are derived from primary miRNA transcripts containing a cap and a poly (A) tail that are produced by RNA polymerase II from the miRNA genes. The primary miRNAs are further cleaved into 22-nt mature miRNAs by the consecutive functions of RNAase III Drosha-DGCR8 and Dicer, which are present in the nucleus and cytoplasm, respectively. In animals, single-stranded miRNAs are assembled into an RISC and primarily bind target mRNAs at specific sequence motifs predominantly found in the 3'-UTRs of the transcripts. miRNAs are key players in various critical cellular processes, such as proliferation, cell cycle progression, apoptosis, and differentiation. As a consequence, aberrant expression of miRNAs is frequently observed in many diseases, including cancer [13] . Multiple instances of miRNA dysregulation have been investigated in various types of cancers over the past several years. Growing evidence has revealed that many miRNAs are upregulated or downregulated in various tumors. These miRNAs act either as oncogenes ("oncomiRs") or tumor suppressors ("tumor suppressor miRNAs") [14] . Compared to siRNA-based therapies, which are already in clinical trials, miRNAs have the potential to target multiple genes, potentially providing simultaneous regulation of the genes involved in various oncogenic pathways [15] . The success of miRNA-based therapeutic delivery is also dependent upon uncovering a delivery route that yields efficient outcomes, is convenient, and promotes patient compliance.
Oncology is one of the core areas that can benefit the most from this novel therapeutic strategy, as it allows for modulating the expression of any gene involved in tumor initiation, growth, and metastasis formation. Lung cancer is the most common cause of cancer-related death worldwide [16] . It is a heterogeneous disease with two predominant pathological types, non-small cell lung cancer (NSCLC) and small cell lung cancer (SCLC). About 85% of all lung cancers are categorized as NSCLC. NSCLC is divided into adenocarcinoma, squamous cell carcinoma, and large cell carcinoma. Various therapeutic strategies, including surgery, radiotherapy, chemotherapy, and molecular targeted therapies, are commonly used to treat NSCLC, either alone or in combination. Despite the development of novel molecular targeted strategies [17] , the overall prognosis remains poor. Patients who initially respond to treatment often relapse and succumb to therapy-resistant tumors [18] . Therefore, novel therapeutic strategies that specifically target lung cancer cells are needed. In general, the delivery of RNAi-based therapeutics can be achieved through systemic administration or local administration. The systemic delivery may induce adverse events, such as aggregation and complement activation, liver toxicity and stimulation of the immune response [19] . For these reasons, we consider that local administration of RNAi-based therapeutics to the target cancer cells may be a promising approach to overcome the problems of systemic administration. Currently, we have reported a novel naked RNAi platform technology through inhalation without delivery vehicles in lung cancer xenograft models [20] . This delivery approach may be a successful strategy for lung cancer treatment using a novel stable RNAi platform with local delivery. In this review, we discuss recent advances in small RNA delivery strategies and the application of these systems in in vivo models and clinical trials for lung cancer therapy. Furthermore, we offer perspectives on future applications of siRNA and miRNA therapeutics and discuss the promise and limitations of delivery strategies for lung cancer.
The Development of siRNA-Based Therapeutics for Lung Cancer Treatment
The clinical application of RNAi-based therapeutics using siRNAs has been growing as the RNAi technology and platform have matured. Many siRNA-based therapeutics are being assessed in preclinical and clinical trials, and this research provides further opportunities for successful results [21] . Indeed, there are some drug candidates for clinical development in 2015. Remarkably, there are a number of sites for local administration, such as the skin, retina, and lungs, which permit safe and efficient delivery without side effects. For example, the siRNA therapeutic, ALN-RSV01, is directed against the mRNA encoding the N protein of the respiratory syncytial virus (RSV) that exhibits specific anti-RSV activity. Presently, phase II clinical trials have been initiated for the treatment of RSV infection, using intranasally naked siRNA molecules [8, 22] . Although the mechanism of how naked siRNAs can entry into cells to initiate RNAi is unclear, the lungs and eyes are two of the very few organs in the body where successful RNAi could be achieved by local delivery of naked siRNAs. Some drug companies working in RNAi therapy are chemically modifying their oligonucleotides. These siRNAs are modified with 2'-O-methylation to protect against nuclease degradation and protect an innate immune response [23] . The successful approach for clinical application may be to combine modified siRNA with local administration. For this reason, direct administration of RNAi-based therapeutics to target organs is a promising approach to overcoming some problems of systemic administration. Local delivery offers a new method for the treatment of various human diseases [24] . Indeed, systemic administration of siRNAs is still the most widely used administration route in preclinical studies. Currently, six cancer clinical trials are underway using nanoparticle-based siRNA delivery, evaluating the initial safety and utility of these treatments ( Table 1) . The first siRNA phase I trial, CALLA-01, was developed by several pharmaceutical companies for solid tumors; it targets the M2 subunit of ribonucleotide reductase (RRM2) to inhibit tumor growth [25] . Additionally, siRNAs targeting polo-like kinase 1 (PLK1), the kinesin spindle protein (KSP), the vascular endothelial growth factor (VEGF), and protein kinase N3 (PKN3), which are formulated with lipid nanoparticle, have been developed as candidate pipelines in the phase I trial. Silenseed, Ltd., initiated a phase II trial to estimate the survival of patients treated with siG12D local drug eluter (LODER). The siG12D LODER is a polymeric matrix that encompasses the siRNA target to the mutated v-Ki-ras2 Kirsten rat sarcoma viral oncogene homolog (KRAS) oncogene, designed to release the drug directly within a pancreatic ductal adenocarcinoma. More than 90% of pancreatic ductal adenocarcinomas involve mutations in the KRAS oncogene, with the most common being G12D. The siG12D LODER is placed in the tumor using a biopsy needle during an endoscopic ultrasound (EUS) biopsy procedure. In an upcoming phase II study, a single dose of siG12D LODER will be administered to patients with advanced pancreatic cancer combined with cytotoxic chemotherapy. Lastly, Landen et al. have developed a 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)-based nanoparticle with siRNA targeted to EphA2, a tyrosine kinase receptor highly overexpressed in human cancers [26] .
Currently, the M.D. Anderson Cancer Center has initiated a phase I trial to estimate the safety of siRNA-EphA2-DOPC.
Lung cancer is one of the most common tumors worldwide with regard to incidence rates and mortality. Various therapeutic target genes for lung cancer therapy have already been identified. So far, there have already been significant improvements in siRNAs for primary or metastatic lung cancer in vivo models by targeting various types of genes, such as ribophorin II (RPN2) [20] , chromosome 7 open reading frame 24 (C7orf24) [27] , myeloid cell leukemia sequence 1 (Mcl1) [28] , CD31 [29] , insulin-like growth factor receptor 1 (IGF-1R) [30] , survivin [31] [32] [33] , multidrug resistance-associated protein 1 (MRP1) [34, 35] , luciferase [36, 37] , bcl-2 [35, 38] , v-akt murine thymoma viral oncogene homolog 1 (Akt1) [39, 40] , sodium-dependent phosphate co-transporter 2b (NPT2b) [41] , mouse double minute 2 (MDM2) [42, 43] , signal transducer and activator of transcription 3 (STAT3) [44] , v-myc avian myelocytomatosis viral oncogene homolog (c-myc) [43, 45] , and VEGF [43, 46] (Table 2 ). These data suggest that siRNA-based therapeutics have potential for a reliable strategy against lung cancer. In lung cancer treatment using siRNA-based therapeutics, systemic administration as well as local administration can be exploited to successfully deliver treatment to the lungs. Some of these studies have successfully shown the efficacy of RNAi-based therapy through intrapulmonary administration of siRNAs. A local and less invasive delivery route for easily accessible administration of siRNA may provide the therapeutic advantage in lung cancer treatment. The administration route may have to be carefully chosen based on the therapeutic application. In addition, non-viral carriers, such as lipids, polymer nanoparticles, and inorganic compounds, offer the advantages of chemical modifications and tailoring to the needs of sophisticated siRNA delivery in vivo [47, 48] . Lipid-based and polymer-based nanoparticles can reduce the negative electrical charge of RNA nucleotides to promote cell uptake [49] . Indeed, viral vectors, such as adenoviral [50, 51] or lentiviral vectors [52] [53] [54] [55] , can be still used to transfer siRNAs to lung cancer cells. Although their safety regarding toxicity and immunogenicity are challenges for clinical applications, these nanocarriers are needed to efficiently deliver siRNA-based therapeutics. Some recent studies have described intrapulmonary administration of naked nucleic acids for siRNAs in the lungs [20, 27] . We suggest that successful delivery of RNAi-based therapeutics requires patient compliance with the intended delivery route and efficient delivery carriers. 
The Development of microRNA-Based Therapeutics for Lung Cancer Treatment
Recently, miRNAs were shown to upregulate target-gene expression by either directly binding to the target mRNA or indirectly repressing nonsense-mediated RNA decay [57, 58] . The development of miRNA-based therapeutics represents a novel strategy for cancer treatment and is growing rapidly with the help of RNAi technologies. For therapeutic applications of miRNA, the miRNA expression levels in cancer cells have to be artificially controlled. Compared to the siRNA-based therapies that are already in clinical studies, miRNAs are low in toxicity and have the potential to simultaneously target multiple genes that cooperate in the same pathway [15] . As presented above, miRNAs are generally classified as oncomiRs or tumor-suppressor miRNAs, with different therapeutic approaches developed for each miRNA class. In general, the upregulation of miRNA expression is achieved through administration of synthetic miRNA mimics or miRNA-expressing vectors. The miRNA replacement therapy involves the re-introduction of a tumor suppressor miRNA to reverse the loss of miRNA function. On the other hand, the downregulation of miRNA expression is achieved through administration of antisense nucleotides, often chemically modified to improve thermal stability and specificity. The chemical modifications, such as the 2'-O-methyl-group and locked nucleic acid (LNA), can improve miRNA stability and affinity [59] . Currently, oncomiRs and tumor-suppressive miRNAs in various types of cancer have been identified, and a number of miRNA-based preclinical studies have been conducted by various companies, such as Regulus Therapeutics, miRagen Therapeutics, Sanofi, and Mirna Therapeutics (Table 3) . Indeed, Mirna Therapeutics, Inc., has initiated clinical trials for miR-34 (MRX34) against hepatocellular carcinoma, making this one of the first miRNA replacement therapies to enter clinical trials [60] . The phase I study of MRX34 will be completed at the end of the first quarter of 2015. Remarkably, a preclinical trial in lung cancer patients using a let-7 replacement therapy has been initiated by Mirna Therapeutics. Many studies have already shown that let-7 family miRNAs act as key tumor suppressors in regulating cell survival and proliferation in lung cancers [61] [62] [63] [64] [65] [66] . Esquela-Kercher et al. and Trang et al. have reported that intranasal administration of a let-7 mimic into lung cancer xenograft models significantly reduced tumor growth [67, 68] . These data suggest that let-7 replacement therapy is indeed a promising therapeutic treatment for humans. In addition to the let-7 family, there have been some potential therapeutic miRNAs for lung cancer treatment in vivo, including miR-7 [69] , miR-29b [70] , miR-34a [71] , miR-145 [72] , miR-150 [73] , and miR-200c [74] (Table 4) . Some of these studies have shown that new delivery technologies using non-viral carriers, such as polyethylenimine and NOV340 liposomes, have the potential for an appropriate delivery of miRNAs for lung cancer treatment. These non-viral delivery systems could represent a genetically and immunogenically safe technology for miRNA-based therapies [75] . Delivery of these candidate miRNAs as synthetic miRNA mimics or miRNA inhibitor will be a promising therapeutic approach to treat lung cancer in clinical trials. 
A Novel RNAi Platform for Lung Cancer Treatment
Several RNAi-based therapeutics are being assessed in preclinical and clinical trials, and these studies provide further opportunities for successful results [21, 76] . We consider that the success of RNAi-based therapeutic delivery is dependent upon uncovering a delivery route and sophisticated delivery carriers that yield efficient outcomes and safety.
Firstly, the lung is anatomically accessible to therapeutic drugs via the pulmonary route. Accessibility is a key requirement for successful RNAi-based in vivo and clinical studies, and this anatomical characteristic offers several important benefits over systemic delivery, including the use of lower doses of siRNAs and miRNAs, the reduction of undesirable systemic side effects, and improved stability due to reduced nuclease activity in the airways compared to serum [24] . The local approach could potentially enhance the retention of RNAi-based therapeutics in the lungs. Moreover, we understand that local delivery systems combined with nucleic acid modifications or sophisticated nanocarriers can more effectively enhance RNAi effects [77] . Secondly, an important point for RNAi-mediated silencing is whether the observed effects are specific rather than due to off-target effects and free from potential interferon responses [78, 79] . Non-viral vectors, including lipid and polymer-based carriers, have been generally used for the delivery of RNAi-based therapeutics due to their reduced toxicity [80] . Non-viral vectors are safer, of low cost, and more reproducible. Toxicity results from characteristics of the packaging lipid or polymer, such as the length, saturation, or branching of polymer [81] . Efforts to reduce the toxicity of non-viral vectors have largely resulted in efforts to make the vectors more biodegradable and biocompatible. On the other hands, viral vector are the most effective, but their application is limited because of their immunogenicity, oncogenicity, and the small size of the DNA they can deliver. Although the non-viral delivery carriers elicit a relatively weak immune response than viral vectors, immune activation is triggered by systemic and local delivery of both lipoplexes and polyplexes [82, 83] . The main limitation of non-viral delivery systems is their low transfection efficiency. Therefore, we consider that effective RNAi delivery to a local area in lungs requires more attention to the development of sophisticated non-toxic delivery vectors. Moreover, novel RNAi platform technologies to promote efficacy, the chemical stability and safety of the RNAi-therapeutics are needed.
Here, we show a new RNAi platform technology with an inhalation approach without delivery carriers in lung cancer xenograft models (SCID mice). Hamasaki et al. have reported that a new class of RNAi agents, PnkRNA™ and nkRNA ® , has a unique helical structure containing a central stem and two loops [84] . Large-scale production of these agents at low cost is possible because they do not require an annealing step (Figure 1 ). The novel RNAi platforms are more resistant to degradation than siRNA in vitro because of their unique structure [20, 84] . The in vitro assay with labeled RNAi agents showed that these platforms were successfully incorporated into the cell cytoplasm by endocytosis [20] . The intrapulmonary delivery of novel RNAi agents was not associated with the expression of interferon (IFN)-α or IFN-β in the mouse model of lung diseases, suggesting that they might provide a solution to safety concerns about the off-target effects of canonical siRNAs [84] . Moreover, normal lung tissues have shown significant cytotoxicity from the RNAi treatment. We found that the novel RNAi therapeutic agents are more resistant to degradation, less immunogenic and less cytotoxic than siRNA, and capable of efficient intracellular delivery. On the basis of these promising evidences, we explored the effectiveness of this novel class of RNAi therapeutic agents against lung cancer [20] . To screen for target genes showing the growth inhibition of lung cancer cells, we selected ribophorin II (RPN2) as a target gene. Previously, Honma et al. showed that RPN2, which is part of an N-oligosaccharyl transferase complex, regulates the glycosylation of multi-drug resistance (MDR1) [85] . RPN2 siRNA decreased the membrane localization of P-glycoprotein by reducing its glycosylation status and restored the sensitivity to docetaxel. Recently, we have reported that RPN2 is involved in the regulation of lethal lung cancer phenotypes and represents a promising novel target for RNAi-based medicine against non-small cell lung cancer (NSCLC) [86] . In the in vitro assay, RPN2 siRNA and novel RNAi therapeutics inhibited A549-luc-C8 cell proliferation and suppressed RPN2 expression. Furthermore, we have demonstrated that the novel RNAi agent targeting RPN2 markedly suppressed the growth of A549-luc-C8 xenograft tumors (SCID mice) in vivo. Remarkably, we showed that the novel RNAi agent was administered in naked, unmodified form by aerosol. These data suggested that the local delivery of naked novel RNAi therapeutics could be a safe strategy for inhibiting lung cancer growth in vivo. This new technology using aerosol delivery can represent a safe, potentially RNAi-based strategy for clinical applications in lung cancer treatment without delivery vehicles [20] . As a limitation of this study, it is unclear whether naked novel RNAi-therapeutics would be successful in a host with an intact immune system. In fact, there are some physiological barriers in the lungs, such as the mucociliary clearance actions and phagocytosis by macrophages [24] . Furthermore, we have to pay careful attention to the behavioral difference between xenograft cancer mouse models and spontaneous lung tumor models. It is important to test the efficacy of naked-PnkRNA delivery technology in appropriate mice models. In any case, naked RNAi delivery has some advantages, such as simple formation and the absence of toxicity or inflammatory responses. This approach could open up new possibilities for treatment of various cancers and improve the clinical outcome for cancer patients. 
Conclusions
Development of RNAi-based therapeutics can provide novel opportunities for lung cancer treatment (Figure 2) . The success of an RNAi-based therapy in clinical trials rests on careful selection of target genes and miRNAs. Moreover, we suggest that a delivery route, sophisticated delivery carriers, chemical modification, and modified RNAi platforms are needed to enhance RNAi effects in cancer cells. We also showed a unique RNAi delivery system using modified siRNA platform technology for lung cancer treatment. The establishment of small RNA delivery strategies opens the door to possible applications for lung cancer and several lung diseases. Figure 2 . The development roadmap of RNAi-based therapeutics for lung cancer. This shows an outline of the development of small RNA delivery technologies for lung cancer. First, the success of an RNAi-based therapy rests on careful selection of target genes and miRNAs based on various basic data (a); Moreover, a delivery route, sophisticated delivery carriers, chemical modification, and modified RNAi platforms are needed to enhance RNAi effects in the cells of lungs. Appropriate drug delivery systems depend on each combination of these delivery technologies (b); We also need to estimate the effectiveness of RNAi-based therapeutics and delivery strategies in animal feasibility studies (c); Through collaboration with pharmaceutical companies, siRNA-and microRNA-based therapeutics will begin preclinical and clinical development (d). These therapeutics may be next-generation strategies for lung cancer treatment.
